(19) 



(12) 



Europalsches Patentamt 
European Patent Office 
Office europeen des brevets (11) E P 1 1 03 835 A1 

EUROPEAN PATENT APPLICATION 



(43) Date of publication: 

30.05.2001 Bulletin 2001/22 

(21) Application number: 00307183.4 

(22) Date of filing: 21 .08.2000 



(51) Int. CI. 7 : G02B 26/08 



(84) Designated Contracting States: 


(72) Inventors: 


AT BE CH CY DE DK ES Fl FR GB GR IE n LI LU 


• Aksyuk, Vladimir Anatolyevich 


MCNLPTSE 


Piscataway, New Jersey 08854 (US) 


Designated Extension States: 


• Bishop, David John 


ALLTLVMK RO SI 


Summit, New Jersey 07901 (US) 


(30) Priority: 03.09.1999 US 390157 


(74) Representative: 


(71) Applicant: 


Watts, Christopher Malcolm Kelway, Dr. et al 


Lucent Technologies (UK) Ltd, 


LUCENT TECHNOLOGIES INC. 


5 Mornington Road 


Murray Hill, New Jersey 07974-0636 (US) 


Woodford Green Essex IG8 OTU (GB) 



(54) Micro-electro-mechanical optical device 

(57) An electro-mechanical structure which controls 
the movement of an optical device coupled thereto is 
disclosed. Both the electro-mechanical structure and 
the optical device are disposed on a substrate surface. 
The electro-mechanical structure controls the move- 
ment of the optical device by first lifting the optical 



device a predetermined distance above the plane of the 
substrate surface. Thereafter, the lifted optical device is 
moveable relative to the plane of the substrate surface 
in response to an electrostatic field generated between 
the electro-mechanical structure and the substrate. 
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Description 

1 . Field of the Invention 

[0001] The present invention relates generally to 
optical communication systems and more particularly, 
to micro-electro-mechanical optical devices. 

2. Description of the Related Art 

[0002] Optical communication systems typically 
include a variety of optical devices (e. g., light sources, 
photodetectors, switches, attenuators, mirrors, amplifi- 
ers, and filters). The optical devices transmit, modify, or 
detect optical signals in the optical communications sys- 
tems. Some optical devices are coupled to micro-elec- 
tro-mechanical structures (e. g., thermal actuators) 
forming a micro-electro-mechanical optical device. The 
term micro-electro-mechanical structure as used in this 
disclosure refers to a microscopic structure which 
moves mechanically under the control of an electrical 
signal. 

[0003] Cowan, William D., et al., 'Vertical Thermal 
Actuators for Micro-Opto- Electro-Mechanical Systems", 
SPIE, Vol. 3226, pp. 137-146(1997), describes a micro- 
electro-mechanical structure useful for moving optical 
devices. In Cowan et al., the micro-electro-mechanical 
structure is a thermal actuator. The thermal actuator is 
coupled to an optical mirror. Both the thermal actuator 
and the optical mirror are disposed on a surface of a 
substrate. The thermal actuator has multiple beams. A 
first end of each beam is coupled to the optical mirror. A 
second end of each beam is attached to the substrate 
surface. 

[0004] Each beam of the thermal actuator has two 
material layers stacked one upon the other. The stacked 
material layers each have a different coefficient of ther- 
mal expansion. 

[0005] The thermal actuator mechanically moves 
the optical mirror in response to a current being applied 
to the beams. Applying the current to the beams heats 
the stacked material layers. As the beams are heated, 
at least a portion of each beam is heated above the brit- 
tle to ductile transition of the material layers, causing a 
permanent mechanical deformation thereto which 
remains upon cooling. When the beams deform a first 
end of each beam as well as the optical mirror coupled 
thereto lift a predetermined height above the plane of 
the substrate surface. Such micro-electro-mechanical 
structures provide a limited range of motion for optical 
devices coupled thereto which makes them undesira- 
ble. 

[0006] Therefore, micro-electro-mechanical optical 
devices capable of controlling the movement optical 
devices coupled thereto continue to be sought. 



Summary of the Invention 

[0007] The present invention is directed to a micro- 
electro-mechanical structure which controls the move- 

5 ment of an optical device coupled thereto. Both the 
micro-electro-mechanical structure and the optical 
device are disposed on a substrate surface. The micro- 
electro-mechanical structure controls the movement of 
the optical device by first lifting the optical device a pre- 

w determined distance above the plane of the substrate 
surface. Thereafter, the lifted optical device is moveable 
relative to the plane of the substrate surface in response 
to an electrostatic field generated between the electro- 
mechanical structure and the substrate. 

75 [0008] The micro-electro-mechanical structure 
includes one or more beams disposed on a substrate. A 
first end of each beam is coupled to the optical device. 
A second end of each beam is attached to the substrate 
surface. 

20 [0009] The electro-mechanical structure lifts the 
optical device a predetermined distance above the 
plane of the substrate surface in response to the appli- 
cation of an activation force. The activation force lifts the 
first ends of the beams in an upward direction, substan- 

25 tialiy in an arc, above the plane of the substrate surface. 
As the first ends of the beams are lifted above the plane 
of the substrate surface, they also lift the optical device 
that is coupled thereto. 

[0010] A variety of activation forces can be applied 

30 to the electro-mechanical structure to lift the optical 
device. Suitable examples include thermal contraction 
of the beam layers, beam contraction due to intrinsic 
stress, and electromagnetic forces. 
[0011] After the optical device is disposed above 

35 the plane of the substrate, the optical device moves rel- 
ative to the plane of the substrate surface in response to 
an electrostatic field generated between the one or 
more beams of the electro-mechanical structure and 
the substrate. The electrostatic field is generated by 

40 applying a bias voltage between the beams and the 
substrate. The electrostatic field deflects the beams as 
well as the optical device coupled thereto toward the 
substrate surface. The magnitude of the beam deflec- 
tion depends on the amount of the applied bias voltage. 

45 [0012] The bias voltage that is applied between 
each beam and the substrate is variable. Varying the 
voltage applied between each beam and the substrate 
moves the optical device relative to the surface of the 
substrate with multiple degrees of freedom. In particu- 

50 lar, the multiple degrees of freedom permit both multi- 
axis movement and translational movement for the opti- 
cal device. 

[0013] Both the substrate and the beams are pref- 
erably conductive so that the bias voltage may be 
55 applied thereto. When either of the substrate or the 
beams are insufficiently conductive to deflect the beams 
toward the substrate surface, conductive layers (e. g., 
electrodes) are optionally formed on regions thereof. 
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[0014] The beams optionally include insulating 
regions on the undersurface thereof. The insulating 
regions prevent the beams from shorting to the sub- 
strate surface when the bias voltage is applied therebe- 
tween. 

[0015] Other objects and features of the present 
invention will become apparent from the following 
detailed description considered in conjunction with the 
accompanying drawings. It is to be understood, how- 
ever, that the drawings are designed solely for purposes 
of illustration and do not serve to limit the invention, for 
which reference should be made to the appended 
claims. 

Brief Description of the Drawings 
[0016] 

FIG. 1 depicts a top view of a substrate having a 
micro-electro-mechanical optical device of the 
present invention disposed on a surface thereof 
including an optical device coupled to a micro-elec- 
tro-mechanical structure; 

FIG. 2 shows a top view of the optical device cou- 
pled to both the substrate surface and the micro- 
electro-mechanical structure via beams; 
FIG. 3 is a cross-sectional view of the micro-elec- 
tro-mechanical optical device of FIG. 1 after the 
optical device is lifted above the plane of the sub- 
strate surface by the micro-electro-mechanical 
structure; 

FIG. 4 is a cross-sectional view of the micro-elec- 
tro-mechanical optical device of FIG. 2 after the 
optical device is lifted above the plane of the sub- 
strate surface by the micro-electro-mechanical 
structure; 

FIG. 5 is a cross-sectional view of one configuration 
for the micro-electro-mechanical structure before 
an activation force is applied thereto; 
FIG. 6 is a cross-sectional view of the micro-elec- 
tro-mechanical structure of FIG. 5 after the activa- 
tion force has been applied thereto; 
FIG. 7 is a cross-sectional view of an alternate con- 
figuration for the micro-electro-mechanical struc- 
ture before an activation force is applied thereto; 
and 

FIG. 8 is a cross-sectional view of the micro-elec- 
tro-mechanical structure of FIG. 7 after the activa- 
tion force is applied thereto. 

Detailed Description 

[001 7] The present invention is directed to a micro- 
electro-mechanical optical device suitable for use in 
optical communication systems. Referring to FIG. 1 , the 
micro-electro-mechanical optical device includes a 
micro-electro-mechanical structure 15 and an optical 
device 17 disposed on a surface of a substrate 13. The 



micro-electro-mechanical structure 15 is coupled to the 
optical device 17. The micro-electro-mechanical struc- 
ture 15 controls the movement of the optical device 17. 
[0018] The micro-electro-mechanical structure 15 

5 controls the movement of the optical device 17 by first 
lifting such optical device 17 above the plane of the sub- 
strate surface 13. Thereafter, the lifted optical device 17 
moves in response to an electrostatic field generated 
between the micro-electro-mechanical structure 15 and 

w the substrate surface 1 3. 

[0019] The micro-electro-mechanical structure 15 
includes one or more beams 19. A first end 20 of each 
beam 19 is optionally coupled one to another with a 
tether 22. A second end 23 of each beam 19 is attached 

is to the substrate surface 13. 

[0020] The optical device 17 is coupled to the 
beams 19 as well as the substrate surface 13. In one 
embodiment of the micro-electro-mechanical optical 
device of the present invention, one edge 25 of the opti- 

20 cal device 17 is in hinged attachment with the surface of 
the substrate 13, as shown in FIG. 1 . Alternatively, edge 
25 of the optical device 17 is attached to the surface of 
the substrate with springs (not shown). 
[0021] An opposite edge 27 of the optical device 1 7 

25 is coupled to the first end 20 of the beams 19 via the 
tether 22. Alternatively, the optical device 17 is coupled 
to the substrate surface 13 via the beams 19, as shown 
in FIG. 2. 

[0022] The micro-electro-mechanical structure 15 

30 lifts the optical device 17 a predetermined distance 
above the plane of the substrate surface 13 in response 
to the application of an activation force. The activation 
force lifts the first ends of the beams in an upward direc- 
tion, substantially in an arc, above the plane of the sub- 

35 strate surface. As the first ends of the beams 19 are 
lifted above the plane of the substrate surface 13, they 
also lift the optical device 17 that is coupled thereto, as 
shown in the cross-sectional view of FIG. 3. Alterna- 
tively, three or more beams 17, 18, 19 coupled to the 

40 optical device optionally lift such optical device 17 to an 
orientation substantially planar with respect to the sub- 
strate surface as shown in FIG. 4. 
[0023] A variety of activation forces can be applied 
to the electro-mechanical structure to lift the first ends of 

45 the beams. Referring to FIG. 5, when the activation 
force applied to the electro-mechanical structure is 
based on thermal contraction of the beams, each beam 
19 includes two or more material layers 31, 32 stacked 
one upon the other. The stacked material layers 31, 32 

so each have a different coefficient of thermal expansion. 
In one embodiment, the topmost material layer 31 of 
each beam 19 has a coefficient of thermal expansion 
larger than that of the other material layer 32. 
[0024] Applying a current to the beams 1 9 heats the 

55 stacked material layers 31 , 32. The current is applied to 
the beams 19 from a current source (not shown). Refer- 
ring to FIG. 6, when the stacked material layers 31 , 32 
are heated they curl up, lifting the first end of each beam 
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19 as well as the optical mirror (not shown) coupled 
thereto above the plane of the substrate surface 13. The 
height that the optical mirror is lifted to depends on the 
length of the beams as well as the composition of the 
material layers used to form the beams. 
[0025] Alternatively, when the activation force 
applied to the micro-electro-mechanical structure is 
based on beam contraction due to intrinsic stress, each 
beam 19 includes two or more material layers 41, 42 
stacked one upon the other on the substrate surface 13, 
as shown in FIG. 7. The topmost material layer 41 has 
an intrinsic stress. The topmost material layer optionally 
has a stress gradient therein. The bottom material layer 
42 is a sacrificial layer 

[0026] When the sacrificial material layer 42 is 
removed (e. g., by etching), the topmost one or more 
layers 41 lift the first end of each beam 19 as well as the 
optical mirror (not shown) coupled thereto above the 
plane of the substrate surface 13. The height that the 
optical mirror is lifted to depends on the length of the 
beams as well as the composition of the material layers 
used to form such beams. 

[0027] Other suitable activation forces include 
scratch drives, and electromagnetic forces. Illustrative 
electro-mechanical structures based on scratch drives 
are discussed in Akiyam, T. et al., "A Quantitative Anal- 
ysis of Scratch Drive Actuator Using Buckling Motion", 
Proc. 8 th IEEE International MEMS Workshop, pp. 310- 
315 (1995) and electro-mechanical structures based on 
electromagnetic forces are discussed in Busch-Vish- 
niac, I. J., "The Case for Magnetically Driven Microactu- 
ators", Sensors and Actuators A, A33, pp. 207-220, 
(1992). 

[0028] After the optical device is disposed above 
the plane of the substrate surface, the optical device 
moves relative to the plane of the substrate surface in 
response to an electrostatic field generated between 
the beams of the electro-mechanical structure and the 
substrate. The electrostatic field is generated by apply- 
ing a bias voltage between the beams and the sub- 
strate. 

[0029] Referring to FIG. 3, when the electrostatic 
field is generated between the beams 19 of the electro- 
mechanical structure and the substrate 13, such elec- 
trostatic field deflects the beams 19 as well as the opti- 
cal device 17 coupled thereto toward the substrate 
surface 13. The distance that the beams 19 as well as 
the optical device 17 are deflected toward the substrate 
depends on the magnitude of the electrostatic field gen- 
erated between the beams of the electro-mechanical 
structure and the substrate. The magnitude of the beam 
deflection depends on the amount of the applied bias 
voltage. 

[0030] The bias voltage that is applied;to each 
beam is variable. Varying the voltage applied between 
each beam and the substrate moves the optical device 
relative to the surface of the substrate with multiple 
degrees of freedom. In particular, the multiple degrees 



of freedom permit both multi-axis movement and trans- 
lational movement for the optical device. 
[0031] When the beams include patterned elec- 
trodes or patterned stress gradients on portions thereof, 

5 varying the bias voltage applied to such beams uncurls 
portions of the beams depending on the positions of the 
patterned electrodes or stress gradients. 
[0032] Referring to the electro-mechanical optical 
device depicted in FIG. 2. After the optical device 17 is 

w lifted to an orientation substantially planar with respect 
to the substrate surface (FIG.4), when the voltage 
applied to beams 18, 19 is about the same, the optical 
device tilts about a single axis perpendicular to such 
beams 18, 19, denoted as 5-5* in FIG. 2. However, when 

75 the voltage applied to beams 1 8, 1 9 is different, the opti- 
cal device tilts about two axes. One axis is perpendicu- 
lar to the beams, denoted as 5-5'. The other axis is 
parallel to the beams, denoted as 7-7'. 
[0033] Both the beams and the substrate are pref- 

20 erably conductive so that the bias voltage may be 
applied across them to generate the electrostatic field. 
When either of the beams or the substrate are insuffi- 
ciently conductive to generate the electrostatic field, 
conductive layers (e.g., electrodes) are optionally 

25 formed on regions thereof. 

[0034] Referring again to FIG. 3, the beams 19 
optionally include dimples 50 on the undersurface 
thereof which correspond to insulating regions (not 
shown) on the substrate surface. This arrangement pre- 

30 vents the beams from shorting with the substrate 13 
surface when the electrostatic field is generated there- 
between. 

[0035] The micro-electro-opto-mechanical device 
of the present invention is fabricated by providing a sub- 

35 st rate that is suitably prepared (i.e., doped, as appropri- 
ate) and cleaned. Suitable substrate materials include 
silicon, gallium arsenide, indium phosphide, germanium 
or indium tin oxide (ITO) coated glass. 
[0036] A plurality of material layers are formed in a 

40 planar arrangement on a surface of the substrate. 
Examples of suitable material layers include polysilicon, 
silicon nitride, and silicon dioxide. 
[0037] After each material layer of the plurality of 
material layers are formed on the substrate, each layer 

45 is patterned to form a micro-electro-mechanical struc- 
ture as well as an optical device. For example, the elec- 
tro-opto-mechanical device shown in FIG. 1 , including a 
mirror 17 as well as beams 19, is fabricated using a 
Multi-User MEMS Process (MUMPS) provided by the 

so MCNC MEMS Technology Applications Center, MCNC, 
Research Triangle Park, North Carolina (see Smart- 
MUMPs Design Handbook at mems.mcnc.org). 
[0038] In the MUMPS process the micro-electro- 
mechanical structure and the optical mirror are formed 

55 in polysilicon layers, oxide Layers (e.g., phosphosilicon 
glass) provides sacrificial layers, and silicon nitride elec- 
trically isolates the micro-electro-mechanical structure 
and optical mirror from the substrate. The micro-electro- 



4 



7 



EP 1 103 835 A1 



8 



mechanical structure and optical mirror are formed in 
the polysilicon layers with multiple photolithography 
steps. 

[0039] Photolithography is a process which 
includes the coating of one or more of the polysilicon s 
layers and phosphosilicon glass layers with a photore- 
sist (i. e., an energy sensitive material), exposure of the 
photoresist with an appropriate mask, and developing 
the exposed photoresist to create the desired etch mask 
for subsequent pattern transfer into the one or more w 
underlying polysilicon layers and phosphosilicon glass 
layers. The pattern defined in the photoresist is trans- 
ferred into the one or more underlying polysilicon layers 
and phosphosilicon glass layers by etching for example 
in a reactive ion etch (RIE) system. is 
[0040] The following examples are provided to illus- 
trate a specific embodiment of the present invention. 

Example 1 

20 

[0041] A micro-electro-mechanical optical device 
having the structure depicted in FIG. 1 was obtained 
from the MEMS Technology Application Center, MCNC, 
Research Triangle Park, North Carolina.. The micro- 
electro-mechanicat optical device was disposed on a 25 
surface of a silicon substrate. The silicon substrate had 
a resistivity of about 1-2 ohm-cm. The micro-electro- 
mechanical optical device was formed in a patterned 
multi-layered planar arrangement consisting of silicon 
nitride, a polysilicon layer, a phosphosilicon glass layer, 30 
a polysilicon layer, a phosphosilicon glass layer, a poly- 
silicon layer, and a chromium/gold (Cr/Au) layer formed 
on the silicon substrate. 

[0042] Referring to FIG. 1, the electro-mechanical 
structure 15 and the optical device 17 were defined in 35 
the multi-layered planar arrangement using photolitho- 
graphic techniques. The electromechanical structure 
included two beams coupled together at one edge with 
a tether. The beams each had a width of about 100 um 
and a length of about 700 u.m. The Cr/Au layer was pat- 40 
terned to have a triangular shape that tapers to a point 
at the end opposite the tether. The tether was defined in 
only the second polysilicon layer. The tether had a 
length of about 300 ujti and a width of about 3 urn 
[0043] The optical device was a mirror having 45 
dimensions of about 300 ujti x 300 u/n. A finger protrud- 
ing from a top edge of the optical device rested on the 
tether, coupling it to the two beams. A bottom edge of 
the optical device is coupled to the substrate with a 
spring. so 
[0044] The polysilicon glass silicon layers were 
removed by etching them in a bath of 49 % HF at room 
temperature for about 1 -2 minutes. 
[0045] After the polysilicon glass layers were 
removed, the beams lifted the tether as well as the opti- 55 
ca! device off of the substrate surface. The beams were 
lifted due to the strain properties of the Cr/Au layer. The 
beams lifted the optical device to an angle of about 5° 



with respect to the substrate surface. 
[0046] A voltage of about 1 00 was applied between 
the beams and an electrode on the substrate. After the 
voltage was applied between the beams and the elec- 
trode the optical device was oriented at an angle of 
about 0° with respect to the substrate surface. 

Example 2 

[0047] A micro-electro-mechanical optical device 
having the structure depicted in FIG. 2 was formed. The 
micro-electro-mechanical device includes three beams 
coupled to an optical device with springs. 
[0048] The micro-electro-mechanical optical device 
had the same multi-layered structure described above 
in Example 1 . 

[0049] After the sacrificial layers were removed, the 
beams lifted the optical device off of the substrate sur- 
face. The beams were lifted due to the strain properties 
of the Cr/Au layer. The beams completely lifted the opti- 
cal device above the surface of the substrate to a sub- 
stantially planar orientation with respect to the substrate 
surface. 

[0050] A voltage of about 100 V was applied 
between beams 18, 19 and an electrode on the sub- 
strate. After the voltage was applied between beams 18, 

19 and the electrode the end of the optical device cou- 
pled to beams 18, 19 tilted about the axis denoted as 5- 
5', so that the end of the optical device coupled to beam 

20 was at an angle of about 5° with respect to the sub- 
strate surface. 

Example 3 

[0051] A micro-electro-mechanical optical device 
having the structure described in Example 2 was pro- 
vided. The optical device was lifted above the surface of 
the substrate to a substantially planar orientation with 
respect to the substrate surface as described in Exam- 
ple 2. 

[0052] A voltage of about 100 V was applied 
between beam 19 and the electrode on the substrate. A 
voltage of about 0 V was applied between beam 18 and 
the electrode. Afterthe voltage was applied between the 
beams 18, 19 and the electrodes the optical device 
tilted about the axes denoted as 5-5' and 7-7' so that the 
optical device denoted as 20 was tilted an angle of 
about 2° with respect to the substrate surface so that 
the corner denoted as 20 was the point closest to the 
substrate surface. 

Claims 

1. A micro-electro-mechanical optical device, com- 
prising: 

a substrate having an optical device and an 
electro-mechanical structure disposed on a 
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6. 



surface thereof; and 

wherein the electro-mechanical structure is 
coupled to the optical device, wherein the elec- 
tro-mechanical structure lifts the optical device 
above the plane of the substrate surface in 
response to an activation force, and wherein 
the lifted optical device is movable relative to 
the plane of the substrate surface in response 
to the generation of an electric field between 
the electro-mechanical structure and the sub- 
strate. 

The micro-electro-mechanical optical device of 
claim 1 wherein the electro-mechanical structure 
includes a plurality of beams, wherein each beam 
has a first end coupled to the optical device and a 
second end coupled to the substrate. 

The micro-electro-mechanical optical device of 
claim 2 wherein each beam comprises one or more 
material layers. 

The micro-electro-mechanical optical device of 
claim 3 wherein each beam comprises a the first 
material layer and a second material layer, wherein 
the first material layer is characterized by a first 
coefficient of thermal expansion and the second 
material layer is characterized by a second coeffi- 
cient of thermal expansion different from the first 
coefficient of thermal expansion. 

The micro-electro-mechanical optical device of 
claim 3 wherein at least one of the one or more 
material layer has an intrinsic stress. 

The micro-electro-mechanical optical device of 
claim 3 wherein the one or more material layers are 
selected from the group consisting of silicon nitride, 
polysilicon, silicon dioxide, and metal. 

The micro-electro-mechanical optical device of 
claim 3 wherein at least one of the one or more 
material layers has a stress gradient. 

The micro-electro-mechanical optical device of 
claim 2 wherein the electric field is generated by 
applying a bias voltage between the beams and the 
surface of the substrate. 
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11. The micro-electro-mechanical optical device of 
claim 2 wherein the electric field applied to each 
beam is different. 

12. The micro-electro-mechanical optical device of 
claim 1 wherein the optical device is an optical 
minor. 

13. An optical communication system, comprising: 

a substrate having a micro-electro-mechanical 
optical device disposed on a surface thereof, 
wherein the micro-electro-mechanical optical 
device includes an optical device and a micro- 
electro-mechanical structure; and 
wherein the micro-electro-mechanical struc- 
ture is coupled to the optical device, wherein 
the micro-electro-mechanical structure lifts the 
optical device above the plane of the substrate 
surface in response to an activation force, and 
wherein the lifted optical device is movable rel- 
ative to the plane of the substrate surface in 
response to the generation of an electric field 
between the micro-electro-mechanical struc- 
ture and the substrate. 

14. A method for moving an optical device, comprising 
the steps of: 

providing a micro-electrical-mechanical optical 
device as claimed in any of claims 1 to 12, 
lifting the optical device above the plane of the 
substrate surface by applying said activation 
force to the micro-electro-mechanical struc- 
ture; and 

moving the lifted optical device relative to the 
plane of the substrate surface by generating 
said electric field between the micro-electro- 
mechanical structure and the substrate. 



9. The micro-electro-mechanical optical device of 
claim 2 wherein the electric field is generated by 
applying a bias voltage between the beams and an 
electrode on the surface of the substrate. 



50 



10. The micro-electro-mechanical optical device of 
claim 2, wherein the electric field applied to each 
beam is about equal. 
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